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Introduction
Not many types of objects are known which provide such a broad insight into physics and astrophysics as pulsars. While they are remarkable for being frequently visible across the whole electromagnetic spectrum, most of the information about pulsars-and most of their applications-are obtained and enabled by radio observations. It is, therefore, no surprise that the next generation of radio telescopes, especially the Square Kilometre Array (SKA), promise great scientific advances in pulsar astrophysics. This is enabled both by discovering more, previously unknown pulsars, and by the ability to observe (and 'time') them with much greater sensitivity.
There are presently about 2700 pulsars known (ATNF pulsar catalogue [1] ) and they span the period range from 1.4 ms (PSR J1748−2446ad [2] ) to 8.5 s (PSR J2144−3933 [3] ). Approximately 10% of the population are found in binary systems with orbital periods that range from 94 min (PSR J1311−3430 [4] ) up to 50 years (PSR J2032+4127 [5] ) and companions which include planets, main-sequence stars, in particular O and B stars, white dwarfs of many different types and neutron stars (e.g. [6] ). It is these compact white dwarf and neutron star companions that offer the best tools for carrying out tests of gravity which rely on measuring how a pulsar falls as a test mass in the gravitational potential of its companion. The most stringent tests are carried out when the system is the most extreme, that is, where the orbits are compact or when the binding/selfenergies are very different, and when the precision at which these cosmic clocks can be timed is the highest. Those pulsars that can be timed to the highest precision and which are the best modelled provide the key components of the Galaxy-wide gravitational wave (GW) detector that is a pulsar timing array (PTA).
Pulsar timing
Pulsar timing is predicated on precisely measuring the arrival time on the Earth of the pulses from a pulsar. Even when using the largest telescopes in the world, the vast majority of pulsars are too faint to be able to see the pulse of radio emission corresponding to each rotation of the star. It is, therefore, necessary to fold the signal from the pulsar at its known spin period; this corresponds to coherently adding the pulses from each rotation until the desired signal-to-noise ratio is achieved. This folded pulse profile is then compared with a template profile and the difference in arrival time between the measured and predicted time is determined. This so-called 'timing residual' is then used to improve the model for the pulsar arrival times. If sufficient precision in the model and in the arrival time measurements is achieved, then it is possible to measure deviations caused by the more subtle effects which might be due to the unmodelled effects of gravity. Typically, the most precisely measured pulsars are those that spin the fastest, the so-called millisecond pulsars.
Pulsar timing arrays
The passage of a low-frequency GW through the Galaxy perturbs the space-time near pulsars and the Earth. As it passes the Earth, we should expect to see a correlated change in the pulse arrival times from those pulsars timed to sufficient precision. The nature of the effect on the pulsar arrival times depends on whether the GWs originate from a single source or a stochastic background. We call the group of pulsars we monitor to try and detect these GWs a PTA. A PTA is sensitive to GWs with frequencies in the range from 1/(baseline) to 1/(cadence), where the baseline is the duration of the experiment and in most cases is assumed to be a few years and cadence is approximately weekly, corresponding approximately to 10 −9 to 10 −6 Hz, and is commonly referred to as the nanohertz range. This frequency range is highly complementary to the ongoing and upcoming GW experiments LIGO and VIRGO, and LISA, and to the cosmic microwave background (CMB) polarization experiments. The expected sources emitting in the PTA frequency band are super-massive black hole binaries (SMBHBs), cosmic strings and possible imprints of cosmological events. The types of signals could be stochastic (due to multiple SMBHBs, for example), periodic (due to single gravitationally 'bright' systems), or even bursts [7] .
In the following, we concentrate on the main source of GWs in the nanohertz range, which is expected to be the stochastic background due to the SMBHBs that result from merging galaxies. In the hierarchical model of galaxy formation, the structure and galaxies we see today are the result of many smaller galaxies, all with central massive black holes, merging. These mergers mean that we end up with SMBHBs and these binaries emit GWs as they slowly spiral in and ultimately merge. The nature of the expected signal depends on the astrophysics. It has been shown (e.g. [8] ) that single systems might stand out from the stochastic background of many merging systems, all at slightly different frequencies, but that they are likely to be rare, and to date no single source has been seen [9] .
In the simplest form, an isotropic, stochastic background of GWs will produce a signal that will have a power-law slope as a function of frequency with an index of − 2 3 [10] . However, astrophysics may modify this; as mentioned above, there may be brighter individual sources and/or environmental effects constraining the merger time scale. It should be noted that the GWs introduce a red-noise signal in the arrival times of pulsars and this competes with any other long-term red-noise processes such as those due to the interstellar medium (ISM) or any intrinsic spin irregularities. Hence, an individual pulsar is only useful for placing a limit on the stochastic background, and to be sure of a detection one needs to see the expected angular correlation, the so-called Hellings and Downs curve [11] , between the residuals of the arrival times of pairs of pulsars distributed across the sky.
There are three main PTA efforts at present: the EPTA (European Pulsar Timing Array; www.epta.eu.org), NANOGrav (North American Nanohertz Observatory for Gravitational Waves; nanograv.org) and the PPTA (Parkes Pulsar Timing Array; www.atnf.csiro.au/research/ pulsar/ppta/). The three PTAs also collaborate in the International Pulsar Timing Array (IPTA) discussed in more detail below. In the last couple of years, they have all produced limits on the amplitude of the GW background in the range (1-3)×10 −15 [12] [13] [14] and these limits are already starting to rule out the most generous theoretical models for the stochastic GW background. Newer model predictions that include more physics due to effects such as environmental coupling, galaxy population uncertainties and diminished GW signal suggest that the amplitude of the signal might be expected to be around 5 × 10 −16 at a 1-year period (e.g. [15, 16] ). Recently, it has been shown, by considering the evolution of black hole triplet systems, that the isotropic GW background due to SMBHBs has a low probability of being lower than h c ∼ 10 −16 (at f = 1 yr −1 ) [17] .
Why search for more pulsars?
There are many reasons to search for new pulsars, which range from understanding the neutron star population and the evolution of massive stars, to revealing the equation of state of matter at extreme densities. However, in the scope of this issue, we consider just two reasons: detecting GWs at nanohertz frequencies and using pulsars as tools to test theories of gravity.
In 2013, Siemens et al. [18] undertook a study to determine what improvements were needed to achieve a detection of a stochastic background of GWs using a PTA. They established that there were two different regimes en route to a detection (corresponding to the strong regime), the socalled weak and intermediate regimes. In the weak regime, the amplitude of the power spectrum of the stochastic background is lower than the white noise for all frequencies, and in the strong regime the opposite is true. In the intermediate regime, the lowest frequencies of the background are above the white noise level (see fig. 1 of [18] ). In the weak regime, the signal-to-noise ratio of the optimal cross-correlation statistic they use scales as
where σ is the timing precision, N is the number of pulsars, C is the cadence of the observations, T is the length of the timing baseline and A is the amplitude of the GW signal. In the intermediate signal regime, the scaling alters to
One can immediately see that in the weak regime there are strong dependences on the length of the baseline and also on the timing precision that can be achieved. However, as we transition into the intermediate regime, while the timing precision is still key, the number of pulsars that are included in the timing array becomes more important. This clearly motivates the need to find increased numbers of millisecond pulsars that can be timed to sufficient precision that they are a valuable addition to the timing array. This will be even more important if there is a technological or physical limit to the timing precision that can be achieved for any given, or all, pulsars.
In the case of improved tools with which to test theories of gravity, the aim is to find the most extreme objects that Nature has furnished us with. The double pulsar [19] has been an exceptional source in this regard, showing that, in the tests that have been performed so far, the deviations from general relativity are constrained to be less than 0.05% in the best cases. However, it is not the last word in these sources: even in the last year, two new sources, PSR J1757−1854 [20] and PSR J1946+2052 [21] , have been shown to be more relativistic in their own ways, both promising new and improved tests of general relativity. This highlights the value in searching for more extreme systems, not only those that are composed of two neutron stars. Neutron stars with white dwarf companions are suitable to study the dissipative radiative property of gravity, given the asymmetries in gravitational binding energy. The long-sought-after system is, of course, a pulsar in orbit with a black hole. All of these will be discussed in more detail below.
Ongoing pulsar surveys
Although there are already 2700 pulsars known, the search is continuing for more, motivated by the reasons discussed above. In the last 10 years, there has been a rapid increase in the discovery rate (up to 120 pulsars per year [22] ), which has been driven by a large number of wide-area pulsar surveys being carried out with telescopes around the world, which are summarized in table 1. The dramatic increase in millisecond pulsar discoveries has also been driven by performing targeted searches of likely locations of millisecond pulsars guided by their gamma-ray emission as revealed by Fermi (see the Fermi LAT list of discoveries at http://tinyurl.com/fermipulsars/ for an overview).
Near-term pulsar surveys
There are a number of developments in pulsar searches which will keep pushing the discovery rate in the near term. The Five-hundred-metre Aperture Spherical radio Telescope (FAST) has been completed and has started searching for pulsars using a single-pixel wideband feed. They have discovered and confirmed nine pulsars (see the FAST pulsar list at http://crafts.bao.ac.cn/pulsar/fast_all_pulsar_list/) at the time of writing. In the near future, FAST will undertake wider-area surveys using a 19-beam receiver that will work at frequencies around 1400 MHz. The predictions suggest that they will discover as many as 2000 new pulsars, of which at least 10% will be millisecond pulsars [31] . Another new telescope on the horizon is MeerKAT (for details see http://www.ska.ac.za/ science-engineering/meerkat/), which will have 64 dishes each of 13.5 m in diameter distributed over approximately 8 km with a dense core of about 1 km in diameter. Up to 700 MHz of bandwidth will be available for pulsar searches and it will be the most sensitive telescope in the Southern hemisphere for pulsar searching. In a collaboration with the Max Planck Institut für Radioastronomie (MPIfR) and the University of Manchester, it will be fitted out with a tiedarray beamformer that will generate at least 400 beams with which it will survey regions of the Galaxy and extragalactic sources. Moreover, the MPIfR are providing S-band (approximately 1.75-3.5 GHz) receivers for the dishes which will be used for searches of the Galactic Centre and Plane. TRAPUM (TRAnsients and PUlsars with MeerKAT; trapum.org), the MeerKAT Large Survey Proposal under the auspices of which most of these surveys will take place, is expected to discover hundreds of new pulsars, of which dozens will be millisecond pulsars. The distributed nature of the dishes results in tied-array beams which are narrow and thus provide excellent immediate localization, speeding up follow-up timing.
Current and near-term improvements in pulsar timing precision
Founded during a meeting in 2010, over the rest of this decade the IPTA (www.ipta4gw.org), a collaboration of the three main regional pulsar timing arrays, the EPTA, NANOGrav and the PPTA, has been working together on searching for GWs. This consortium of consortia has at its heart the aim of combining the data from the eight large telescopes that currently make up the regional PTAs. In 2016, this came to fruition with the first IPTA data release, which included data on 49 millisecond pulsars with data spans ranging from 5 to 21 years [32] . Combining the data from the eight PTA telescopes around the world not only improved the cadence of the observations, which were as frequent as every 3 days, but also gave a broader range of observing frequencies. In fact, some pulsars in the combined datasets are regularly observed at five frequencies. Significant progress was made on understanding and prescribing how these disparate datasets can best be combined [32] . A second data release is planned for 2018, which will combine the data from the most recent updates from the individual PTAs. This release will combine data of significantly higher quality from a number of observatories which have improved front-ends and/or back-ends and will use the most up-to-date noise analysis techniques (e.g. [33] ).
As well as requiring an increase in the number of pulsars to be included in the PTAs to achieve a detection, we need to continue to improve pulsar timing precision. This is essential for the improved gravity tests and also plays a vital role even when entering the intermediate regime of detection for the stochastic GW background. One of the recent developments towards achieving this goal is the Large European Array for Pulsars (LEAP [34] ), which coherently combines the largest telescopes in Europe (Effelsberg Telescope, Lovell Telescope, Nançay Telescope, Sardinia Radio Telescope, Westerbork Synthesis Radio Telescope) to form a virtual telescope with an equivalent collecting area of a dish with a diameter of 200 m that can see pulsars over a significant fraction of the sky. It times about 20 millisecond pulsars once per month and has already acquired more than 5 years of data, which are currently being processed. It is teaching the community strong lessons on the importance of polarization calibration to get the necessary coherence and timing precision, which will have important implications for the next generation of array telescopes. The ability to compare the results from different telescopes with comparable backends and observing frequencies helps to differentiate instrumental effects from astrophysical phenomena. There are plans to expand LEAP to include more telescopes and wider bandwidths.
One of the major challenges that face PTAs is the influence of the ISM (e.g. [35, 36] ). As the radio emission from a pulsar traverses the distance between the source and the Earth, it interacts with the free electrons in the ionized ISM. This interaction causes the pulses to be both dispersed and scattered. If the degree of dispersion and scattering remains fixed, then these effects can be incorporated into the timing. However, as this is a dynamic environment with the pulsar and Earth moving, we need to measure any variations in the dispersion and scattering. The exceptional timing precision required to detect GWs means that we need to efficiently measure the 'interstellar weather'. The addition of the low-frequency arrays with wide relative bandwidths, such as LOFAR, MWA and LWA, is providing us with new tools with which to study the variations. LOFAR, for example, has shown that many of the known millisecond pulsars are indeed detectable at low frequencies [37] . It has been shown that these telescopes are able to track changes in the dispersion measure values to 1 part in 10 000 or better. Combining data from LOFAR with weekly observations with individual LOFAR stations that are part of GLOW (German Long Wavelength Consortium), it is possible to get very high precision and excellent cadence [38] . It still has to be established how these measurements can best be applied to the timing data taken at higher frequencies [39, 40] . At those frequencies, wide-band receiver systems like those installed at Effelsberg and soon at Parkes will contribute significantly to those efforts but will also require modelling of the pulse profile evolution as a function of frequency and effective suppression of radio-frequency interference. The CHIME (Canadian Hydrogen Intensity Mapping Experiment) telescope is an array of four semi-cylinders which will have an excellent field of view and 10 tied-array tracking beams. It will, therefore, be able to time a large number of pulsars and provide daily low-frequency observations of Northern millisecond pulsars to aid PTA science, with a band that overlaps the lower frequency used for NANOGrav observations at the Green Bank Telescope (GBT) [41] . These new data will be used in association with mitigation techniques (e.g. [42] ).
As well as being extremely good for pulsar searching, FAST will be an excellent instrument for precision pulsar timing. The total illuminated radius of approximately 300 m makes this the largest single dish in the world and combined with its ultra-wide-band receiver, which will extend from below 200 MHz up to above 2 GHz, it will have exceptional sensitivity. The broadband nature of the feed will also allow it to be used to take into account variations due to changes in the ISM. It will be able to access about 58% of the sky and so can see a good fraction of the best millisecond pulsars used for PTAs. The precision that can be achieved with FAST will be very important for determining the focus for the SKA in terms of whether it should time many pulsars to high precision or whether timing a few to extreme precision is the better approachthat is, whether or not the jitter in the arrival times due to the individual pulses (e.g. [43] ) is the limiting factor. One issue that FAST will need to address is that the slew times between sources are relatively long and so it will be necessary to have efficient scheduling tools.
In the coming year, another significant boost to the sensitivity of the IPTA and to pulsar timing in general will come when MeerKAT begins operations. The MeerTIME Large Survey Proposal on MeerKAT will undertake precision timing of large numbers of millisecond pulsars. MeerKAT will have three observing bands which cover the range from around 600 MHz to 3.5 GHz and, depending on which band one is observing, between 750 and 1500 MHz of available bandwidth. It will be able to see all of the Southern sky and North to at least a declination of +45 • . As MeerKAT is made of 64 dishes, it will be possible to combine them in different combinations to form sub-arrays. These are ideal for varying the sensitivity to match the source and the project. If there are some pulsars that are jitter dominated, one might be better off using a less sensitive sub-array, while other dishes are simultaneously used for other pulsars. There will be four beams available for pulsar timing, and so at least four pulsars could be timed simultaneously, which leads to very efficient observing, especially in the Galactic Plane where the wide field of view of the dishes regularly bring a few pulsars into the same primary beam. Initial timing observations have been made and are proving very promising.
The Square Kilometre Array
The SKA is the largest telescope in the world and will be built across three sites, one in Australia, one in South Africa and one at the international headquarters located in the United Kingdom. It is being built in two phases, with the first currently undergoing its critical design review with construction starting early in the next decade. In the first phase it will consist of two telescopes, SKA1-Low which will be located in Australia and SKA1-Mid which will be located in South Africa. SKA1-Low will consist of approximately 130 000 low-frequency antennas distributed across approximately 65 km operating in the frequency range from about 50 to 350 MHz. SKA1-Mid will consist of about 200 dishes, the majority of which will have diameter of 15 m with 64 (the MeerKAT dishes) having a diameter of 13.5 m. It will operate initially in three frequency bands, Band 1 (0.350-1.05 GHz), Band 2 (0.95-1.76 GHz) and Band 5 (5a, 4.6-8.5 GHz; 5b, 8.3-15.4 GHz), while a further two bands may be added subsequently, Band 3 (1.65-3.05 GHz) and Band 4 (2.80-5.18 GHz).
The SKA1-Low and SKA1-Mid are both interferometers, that is, they are made up of moderately large numbers of elements (stations in the case of SKA1-Low and dishes in the case of SKA1-Mid) that have a greater separation than their size. This means that they have a low filling factor. They are, therefore, ideal for making sharp images of the sky, as the large separations lead to high angular resolution. This is not ideal for pulsar search observations though, because one needs to combine all those elements coherently to give a small tied-array beam on the sky, and so, while the sensitivity is high, the field of view is low and therefore the survey speed (ability to reach a certain sensitivity over a given region of sky in the least amount of time) is very poor. To compensate for that, we choose to include only dishes out to a certain radius, usually called the core, which gives an optimal trade-off between beam size and sensitivity, and we form as many beams as possible and use them to tile out the primary beam of the smaller elements. In the SKA, there will be 1500 and 500 beams for Mid and Low, respectively. This many beams allows the SKA to achieve a sensible survey speed that makes the most efficient use of the scarce resource, which is observing time. Each of these beams needs to be searched for pulsars either via their single pulse emission or via their periodic pulses, and thus requires clever algorithms and highly efficient computing [44] .
In figure 1 , we show the predicted yield of searches for pulsars with both SKA1-Mid and SKA1-Low. These simulations were carried out using PSRPOPPy [45] and assume the parameters given in table 2. This is because surveys with both these telescopes are considered incredibly complementary in their capabilities. SKA1-Mid observes at higher frequencies and so is able to mitigate the deleterious effects of scattering and dispersion in the ISM and find pulsars (approx. 7500 normal pulsars) in the Galactic Plane and beyond, as can be seen in figure 1a . The exceptional collecting area of SKA1-Low allows us to find the very faint nearby pulsars (approx. 3000; figure 1b), more than likely the entire local (within a few kiloparsecs) population of pulsars beamed towards Earth, and also those more distant, but at high Galactic z heights. The ISM effects are significantly worse at low frequencies and so it will not see deep into the Galaxy. An estimate of the number, approximately 700, of millisecond pulsars that will be found with SKA1-Mid is shown in figure 1c . We note that SKA1-Low will also be able to find the nearby population of millisecond pulsars and this is expected to be a few hundred. These too are mostly restricted to the local sky because of the luminosity and also the ISM effects, which are proportionally worse for the shorter-period pulsars.
These simulations are based on the currently known population, but we know that up to now wide-area pulsar surveys have not been particularly sensitive to the most extreme binaries. One of the capabilities of the SKA will be to perform an acceleration search on all of the incoming pulsar search data. When combined with the amazing sensitivity of the telescope, it will open up an unprecedented range of possible binary pulsar systems that can be found in the Galactic Disc. This is due to a combination of the sensitivity and excellent computing capabilities of the SKA, and the use of relatively short observation durations. The short integration times are necessary to make the computations tractable for a wide-area survey because the processing requirements for an acceleration search scale as the cube of the observing time (e.g. [46] ). Figure 2 shows the pulsar search parameter space assuming the typical observation duration of 540 s. The current SKA specification is that it will be possible to search accelerations up to and including 350 m s −2 , which corresponds to being able to detect a pulsar with a companion with mass at least 15 M , typical of the mass expected for a stellar-mass black hole, with orbital periods as short as just 5 h, and double neutron star binaries down to orbital periods significantly shorter than a couple of hours. These types of pulsar binaries will be excellent for undertaking improved gravity theory tests.
The excellent sensitivity, wide frequency bands and the range of frequencies that are available will also make the SKA an excellent instrument for timing pulsars. In SKA1-Mid, in a single subarray at least 160 of the almost 200 dishes will be available for precision pulsar timing, which will give sensitivity similar to Arecibo and FAST and with access to more than 80% of the sky. Once Band 3 becomes available on SKA1-Mid, it is most likely to become the prime frequency band for pulsar timing because it is the optimum compromise between reducing the influence of the ISM and maximizing the flux density of the pulsar. However, it will be possible to do pulsar timing in all bands on SKA1-Mid, and a combination of Bands 2 and 3 will be used for the majority of millisecond pulsars initially. Data obtained in Band 1 will be used in combination with data from timing observations undertaken using SKA1-Low to model, and thereby as accurately as possible remove, the influence of the ISM on the timing data obtained in Band 2. We note also that the sensitivity and wide field of view and multi-beaming capabilities of SKA1-Low means that it will be used to obtain the timing solutions for the majority of the newly discovered pulsars found with SKA.
As was described above, one of the key elements of detecting and subsequently studying GWs in the nanohertz frequency regime relies on achieving good cadence and timing precision for a large sample of pulsars. To help facilitate this, alongside the need to time the many new discoveries that the SKA will make, the SKA will support 16 simultaneous pulsar timing beams at full bandwidth in Bands 1-4 and also in SKA1-Low. In order to extract the full bandwidth in Band 5, it will support up to eight simultaneous pulsar timing beams. Even though the field of view of the telescopes in SKA1-Mid is relatively large, there will not be many occasions when there are more than a couple of millisecond pulsars, that can be timed to the precision needed for the experiments outlined here, in the same field of view. However, there will be many other pulsars, such as new discoveries and/or other interesting sources, which can be timed in parallel, greatly improving the efficiency of pulsar timing and giving more effective observing time in general. Moreover, as described above for MeerKAT, it will be possible for the SKA to form up to 16 different sub-arrays, which can all point in different directions, allowing one to tune the pulsar timing programme to achieve the best compromise between sensitivity and cadence.
Time to detection of gravitational waves in the nanohertz frequency range
There have been some recent studies which have looked at how long it will take for a detection of a stochastic background of GWs. With the starting assumption that the current limit on the amplitude of the GW background in the nanohertz regime is less than 10 −15 , Taylor et al. [47] considered models down to an amplitude of 10 −16 . They consider various different scenarios for the PTAs and how long it will take for a detection, including the inclusion of new pulsars every year. With the current PTAs, this would result in a detection in about a decade. They also consider a so-called theoretical timing array, which basically corresponds to the SKA timing 50 pulsars at 100 ns precision, and they find that a detection will be possible after between 5 and 8 years depending on whether or not some of the SMBHBs never merge, i.e. stall. They also show that with the SKA it may be possible to constrain the turnover frequency of the GW background and thus determine if there is a dominant mechanism to solving the final parsec problem or to assess if most of the binaries stall. Rosado et al. [48] also undertook a study to see how long it would take to make a detection with the SKA and they also considered single sources and the stochastic background. Their most recent simulations (private communication) show that, depending on the exact physics affecting the merger rate, including stalling and hardening and assuming that the SKA achieves 100 ns timing precision, it will make a detection of the background in 8-10 years and a detection of a single source is very unlikely. They also consider an interesting and highly plausible scenario that as well as the 50 pulsars timed to 100 ns precision there are a further five that can be timed to 10 ns precision. That results in a dramatic shortening of the time to detection, to somewhere between 6 and 8 years. The single source detection will most likely have to wait until the full SKA comes online.
We can consider two different scenarios for the role of the SKA in GW research in the nanohertz region of the spectrum: either a detection has already been made or a detection is still to be made.
In a scenario where a detection has already been made, then the SKA will still have a vital role to play. First, it would be able to provide an independent confirmation of the detection of a signal. In all likelihood any detection made before the SKA comes online of a stochastic signal will not be of sufficiently high significance to allow a constraining determination of the spectral index and thus confirm the source of the GWs. The SKA will allow us to determine the shape of the GW spectrum in the nanohertz frequency range. It will also be possible to start to search for any anisotropies in the background that might reveal the distribution of sources across the sky. In the case of single source detections, the greater sensitivity will allow for greatly improved localization of the source.
As well as confirmation of any existing signals, it will be possible with the SKA to start undertaking GW astronomy in the nanohertz regime. It will be possible to use the detected signal to constrain and study the nature of Galaxy evolution and the history of SMBHB mergers throughout cosmic history. As shown by Norbert Wex (private communication), with the first phase of the SKA, we will have sufficient sensitivity to detect SMBHBs with component masses of 10 10 M out to beyond redshift 10. Further improvements in timing precision with the full SKA should enable systems with half that mass to be detected out to at least redshift 1. It will be possible to start to characterize the inspiral phase of SMBHB mergers. In the case of a stochastic background, there will be enough sensitivity that it will be possible to start to study the polarization properties and the mass of the graviton. As shown in Lee et al. [49] , the angular dependence on the degree of correlation between the GW signature in pairs of pulsars from a stochastic background changes the shape of the Hellings and Downs curve depending on the nature of the polarization properties of the GWs. These changes can be quite dramatic for some modes, and already with the first phase of the SKA it may be possible to rule them out. A massive graviton will also have an effect on the shape of the Hellings and Downs curve (e.g. [50] ), although these changes are relatively subtle, and so a large number of pulsar pairs timed to high precision will be required to make a detection. Further details can be found in the chapter by Janssen et al. [7] in the SKA Science book.
Goals of gravity tests
This issue considers predominantly the role of the SKA in finding new systems and improving pulsar timing and the effect that will have on revealing the nature of GW emitters in the nanohertz frequency regime, but we touch also briefly here on its role in gravity tests.
It could be asked why it is necessary to continue to test theories of gravity. However, it is clear that we do not fully understand gravity and how it relates to the other fundamental interactions. It is in the extreme conditions of these neutron star binaries that we might expect to get clues as to where general relativity as the best-tested theory breaks down. It is also these systems which probe the strong-field limit and that is important because there are alternative metric theories of gravity which pass all tests in the Solar System but are violated when extreme regimes are encountered (e.g. [51] ). We can only scratch the surface of some of the science possibilities here and refer the interested reader to the chapters in the SKA Science book by Shao et al. [52] and Eatough et al. [53] and the recent contribution by Kramer [54] in the proceedings of the meeting celebrating 50 years since the discovery of pulsars.
Deviations of a theory of gravity from general relativity can be described in the weak field in the Solar System by the parametrized post-Newtonian (PPN) parameters. These can then be expanded to strong-field versions which are said to be of higher orders in PPN parameters. There are many of these tests and the recent review by Shao & Wex [55] describes those that have been constrained by pulsars. A couple of interesting examples involve tests for the violation of the strong equivalence principle (SEP), which states that strongly gravitating bodies such as white dwarfs, neutron stars and black holes should follow trajectories that are independent of their nature and composition. In binary systems involving a neutron star and a white dwarf, a violation of the SEP leads to a periodic change of the eccentricity of the binary. We now know of one triple system involving two white dwarfs and a pulsar, which may provide some of the most stringent tests of the SEP [56] , and, depending on evolutionary models, the SKA may find up to 100 such triple systems. As shown by Kehl et al. [57] , the SKA will still allow us to perform important studies with the double pulsar by enabling a measurement of the Lense-Thirring effect, where the orbit of a body about a rotating massive body is perturbed by the rotation of that object. This would constrain the equations of state at supra-nuclear densities and thus provide an excellent comparison to those measurements made from the mergers of double neutron star systems.
One of the main goals of the SKA is to find and then time to high precision a pulsar orbiting a black hole. This will enable us to trace the space-time around the most extreme gravitating objects known in a clean way, that is by using the precise clock-like nature of pulsars. Studying the spin-orbit coupling in a pulsar-black hole system would allow us to measure the black hole properties [58] [59] [60] . In the situation where we had a millisecond pulsar in an orbit with a 10-30 M black hole, a system which is discoverable with the search capabilities of the SKA, it would be possible to measure the mass of the black hole to better than 0.1%, and the spin to better than 1%, and it would, therefore, also be possible to test the cosmic censorship conjecture. These numbers improve if the mass of the black hole were greater, and so if we were fortunate enough to find a pulsar in orbit around the supermassive black hole at the centre of the Galaxy, then it would be possible also to test the no-hair theorem. If the pulsar were in an orbit of 0.1 yr around Sgr A * , then one would expect the influence of the quadrupole to lead to characteristic residuals that could be as large as milliseconds depending on the spin. Psaltis et al. [61] show how it is possible in such a system to constrain both the spin and the quadrupole moment.
There are also some more exotic ideas that might be able to be studied with pulsars discovered with the SKA. Given the sheer number of sources that we will have found with the SKA, it is possible that binary or perhaps even triple millisecond pulsars might be found, especially when deeply searching the system of the Galactic globular clusters. These unprecedented binaries would provide excellent gravity tests that relate to the effects of, and on, spin. Some authors (e.g. [62] ) suggest the possibility of seeing the influence of dark matter in the Galaxy on the shapes of the pulsar binary orbits, which would presumably need a large number of systems to see the influence statistically. Pani [63] also suggests the possibility of such an effect and indicates that binary orbits with periods longer than a day are best. The mentioned authors indicate that the SKA can improve the current limits by about a factor of 100 and thus significantly constrain the local density of dark matter.
Conclusion
It is clear that existing telescopes have been extremely successful in finding and exploiting pulsars, especially for the purpose of gravitational physics. The applied technique, pulsar timing, is both clean and conceptually simple. Nevertheless, the achievements so far are only the prelude to what is about to be possible with the next generation of radio telescopes. While ultimately the SKA will be able to provide unique constraints for our understanding of gravity, already the precursor telescopes and other new instruments on existing telescopes promise to prepare the ground by making spectacular discoveries.
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